Introduction suggested that N-cadherin is required for the establishment of the late-phase LTP (Bozdagi et al., 2000) . AlSynaptogenesis is a central process not only for neural though such physiological data are available, the role of network formation, but also for the regulation of synaptic cadherins in synaptogenesis is still unclear, particularly plasticity. Remodeling of synaptic connections and forfrom cell biological aspects, mainly because we lack mation of new synapses have been postulated as a information on the effect of the loss of cadherin function mechanism underlying the late-phase long-term potenon synapse formation. We previously examined the hiptiation (LTP) implicated in learning and memory. Plastic pocampus in cadherin-11 mutant mice but were unable changes in dendritic spine morphology in particular are to detect obvious structural defects in their synapses thought to play a role in the encoding of LTP (Calverley (Manabe et al., 2000) . 1D-1G ). At more advanced culture stages, synapsin became restricted to dendritic spinecules with a deletion in their extracellular domain (which renders them nonfunctional) are introduced into cells, axon contact sites, overlapping with ␤-catenin ( Figures  1H-1K) . In mature spines, ␤-catenin remained colocathey compete with endogenous cadherins for interactions with the cytoplasmic components, resulting in a lized with synapsin ( Figures 1L-1O ). ␤-catenin was distributed not only in spines protruding from dendrites, blockade of the activity of the endogenous cadherins (Kintner 1992; Fujimori and Takeichi, 1993). Second, we but also along the dendrite shafts as punctuate signals, implying that shaft synapses also contained this molemutated the gene for ␣N-catenin, a subtype of ␣-catenin that is expressed specifically in the nervous system cule. Staining for N-cadherin or ␣N-catenin showed essentially the same distribution pattern as seen for (Uchida et al., 1994 trol N-cad were not visibly affected in terms of dendrite can be identified in actin-stained samples, were indistinguishable in shape between neurons expressing N-cad morphology ( Figures 2A and 2B) ; the latter were indistinguishable from EGFP-expressing controls (data not and cN390⌬; e.g., their mean length Ϯ SEM (m) in 8 ϩ 2 day cultures was similar 2.55 Ϯ 0.14 (n ϭ 57) and shown). Closer views of these samples revealed that in cN390⌬-expressing cells, dendritic spines were irregu-2.35 Ϯ 0.06 (n ϭ 261, p Ͼ 0.05), respectively. The effects of cN390⌬ expression on spine shape were observed larly shaped (e.g., some of the spines showed a filopodia-like morphology and others bifurcated at the head even in the early-stage cultures when dendritic spineaxon contacts had already been formed ( Figures 2G-2J ). portion or were abnormally elongated) ( Figures 2D and  2DЈ ), whereas spines with the control N-cad exhibited In the above cultures, the exogenous N-cad was detected not only in dendrite shafts, but also in spine the typical mushroom shape ( Figure 2C and 2CЈ) . These morphological differences were more clearly visualized heads, although a certain population of spines did not incorporate the exogenous molecule ( Figure 2C and by staining neurons with DiI ( Figures 2E-2FЈ ). Measurement of the length of dendritic protrusions in the DiI-2CЈ). cN390⌬ was rarely concentrated at particular sites in dendritic spines or filopodia ( Figures 2D and 2DЈ ). To stained neurons confirmed that their average length had increased in cN390⌬-expressing neurons ( Figure 2L) . check whether or not the endogenous cadherin system was still active in cN390⌬-expressing neurons, we The width of the spine head, defined as the distally enlarged portion of the dendritic protrusions contacting stained them for ␤-catenin, an indispensable partner for the classic cadherins. This catenin accumulated in the axons, was also measured, and the results showed that the average head width was significantly smaller in spine heads of neurons expressing the control exogenous N-cad, whereas it was not particularly concenspines expressing cN390 (0.71 Ϯ 0.01 m, n ϭ 514) than in those of the N-cad controls (0.95 Ϯ 0.01 m, n ϭ trated in spine-axon contact sites in cN390⌬-expressing cultures ( Figures 2G-2J ), suggesting that endogenous 1023, p Ͻ 0.001). Despite their deformed morphology, the dendritic spines in cN390⌬-expressing neurons cadherins themselves were not localized in these contact sites and not functioning as adhesion molecules. tended to maintain their contacts with axons, judging from the observations of actin-stained samples in which all axons had been visibly stained ( Figures 2D and 2DЈ) .
Perturbation of Presynaptic and Postsynaptic
Organization in Cadherin-Blocked Neurons These morphological effects of cN390⌬ expression appeared to be specific for the dendritic spines contacting
We next examined whether the above alterations in spine shape were accompanied by presynaptic changes axons. Free filopodia not attached to any axon, which by staining the cultures with antibodies specific for syin the spine heads whose deformation had been induced by cN390⌬ expression ( Figure 3H , insert), suggesting napsin. When 8 ϩ 2 day cultures expressing the control N-cad had been stained for synapsin, this protein was that at least spine synapses were still rather sensitive to the cN390⌬ expression in the mature neurons. The distributed as punctate signals along axons attached to dendrites ( Figures 3A, 3C , and 3D), as described above.
quantitative measurement of immunoreactive signals for the overall synapsin puncta in each culture confirmed When cN390⌬ was introduced into neurons, the punctate feature of synapsin signals was greatly reduced these morphological observations ( Figure 3K, left) . Staining for synaptophysin, another synaptic vesicle ( Figures 3B, 3E, and 3F ). Closer observations of these samples indicated that synapsin tended to have diffused marker, gave similar results (data not shown). Presynaptic functions could have been impaired by into the portions of axons not in contact with dendritic spines (Figures 3E and 3F) . When 18 to 19 ϩ 2 day the cN390⌬ expression. To test this possibility, we studied synaptic vesicle recycling by stimulating 7 ϩ 2 day cultures with more mature synapses were transfected with cN390⌬, the effect appeared much less dramatic neurons with a high-K ϩ solution in the presence of FM4-64, a fluorescent endocytic marker. In control cultures, than in earlier cultures, particularly because synapsin retained its patchy localization ( Figures 3G and 3H) . typical uptake of this dye at synaptic sites was observed ( Figure 3I ). However, in cultures expressing cN390⌬, this These synapsin clusters were most clearly detected in the shaft region of dendrites and not always detected uptake was strongly suppressed ( Figures 3J and 3K ), Figures 6A and 6B) . In mutant neurons, many dendritic spines were thinly elon-␣N-cat Ϫ/Ϫ neurons. Samples from heterozygous animals were indistinguishable from wild-type ones throughout gated, as revealed by F-actin ( Figures 6C and 6D) or DiO staining (Figures 6K and 6L) . In fact, the length of the above observations. Staining for synapsin showed that in general, this predendritic spines in these mutant neurons varied considerably; spines attached to axons located close to the synaptic vesicle protein normally accumulated at synaptic sites in mutant cultures although its punctate signals dendrite were as short as in control cultures, whereas those that contacted axons remotely located were much tended to be reduced in size; in a small percentage of spine-axon contacts, the synapsin signal was undetectlonger than those in the control ( Figure 6L ). This suggests that the spine neck was structurally more plastic able ( Figures 6C and 6D) . We also examined FM4-64 uptake and found that its uptake pattern was similar to or flexible in the mutant neurons. These phenotypes were observed throughout all culture periods examined, that of synapsin distribution ( Figures 6E and 6F ). Regarding postsynaptic organization, we detected clear from 10-30 days ( Figures 6M and 6N) , although spines in older cultures were shorter in both heterozygous and punctate signals of PSD-95 at the head portion of their elongated dendritic spines (Figures 6G and 6H) . Interestmutant samples. We also measured the width of the spine ingly, ␤-catenin or N-cadherin was still concentrated at ␣-catenin, ␣T-catenin (which was recently identified) (Janssens et al., 2001), is localized in hippocampal synspine-axon contact sites even in the mutant samples at a level indistinguishable from that in the control cultures apses and compensates the loss of ␣N-catenin. (Figures 6I and 6J) . Another subtype of ␣-catenin, ␣E-catenin, was faintly expressed in hippocampal neurons, Discussion but this molecule was not detectable in ␤-catenin-positive synapses of either ␣N-cat ϩ/ϩ or ␣N-cat Ϫ/Ϫ neurons Through the present experiments, we first showed that as soon as dendritic filopodia had contacted an axon, (data not shown), suggesting that the ␣E-catenin was not compensating for the loss of ␣N-catenin in the presmolecules constituting the cadherin adhesion system became concentrated at the contact sites. Synaptic loent system. It remains undetermined whether the third calization of these molecules persisted up to the mature and the subsequent synaptic protein clustering. The stage of the synapses. These observations suggest a cadherin intracellular domain/␣N-catenin-dependent continuous role of this adhesion system from the initiasignaling system seems to be more important for the tion to maintenance of synaptic junctions. To test this regulation of spine shape. idea, we used two methods to block cadherin-mediated cell adhesion: (1) ectopic expression of a dominant-negaHow Does Cadherin Dysfunction Induce tive cadherin, and (2) genetic removal of ␣N-catenin. NeuSpine Elongation? rons differentially responded to these treatments. In Next, a question arises as to how the cadherin intracellu-␣N-cat Ϫ/Ϫ neurons, dendritic spines simply elongated, lar domain regulates spine shape and the ␣N-cat mutamaintaining their synaptic contacts with axons. On the tion induces spine elongation. In synapses, puncta adother hand, when the dominant-negative N-cadherin herentia, the putative adhesive sites where cadherins was expressed, more severe morphological changes are localized, are linked to actin filaments (Spacek, 1985 ; were induced in dendritic spines. In contrast to the case Spacek and Harris, 1998). A recent study (Zhang and of the ␣N-cat mutation, ␤-catenin or N-cadherin disapBenson, 2001) showed that latrunculin treatment of neupeared from spine-axon contact points, indicating that rons, which induces actin depolymerization, transthe expression of this molecule resulted in a stronger formed spines into filopodia-like processes with a coninhibition of the cadherin system than found with the comitant loss of N-cadherin in synapses. This finding loss of ␣N-catenin. The differences in the effects of the suggests the possibility that the cadherin-actin complex two cadherin-blocking treatments on synaptogenesis may be involved in the regulation of spine morphology. can be explained by the following mechanisms.
For instance, we can speculate that the cadherin-mediCadherin-mediated cell adhesion is assumed to involve ated adhesion signals generated at synaptic contacts two processes: the intracellular domain-independent are transmitted to the actin-based cytoskeleton and that and -dependent ones. As mentioned in the introduction, this signal works for dynamic control of spine neck cadherin's homophilic interaction can take place withshape, conferring a typical mushroom morphology on out the intracellular domain, leading to weak cell-cell it. Without cadherin activity, this system is blocked, and adhesion. On the other hand, for establishment of the spine neck structure may become uncontrollable. The tight, physiological cell-cell adhesion, cadherin requires lack of ␣N-catenin should block this putative signal the intracellular domain and the associated ␣-catenin.
transmission system, as this protein is a linker between These cytoplasmic elements are linked with the cytoskelecadherin and F-actin, accounting for the spine elongaton, including actin filaments, and the initial cadherintion phenotype in ␣N-cat Ϫ/Ϫ neurons. These ideas are mediated contacts are believed to generate adhesion illustrated in Figure 7 . signals that can reorganize the cytoskeletal system, a
The above hypothetical signaling system may involve process which seems to be essential for establishing PSD scaffold proteins, as these proteins also regulate closer cell-cell association (Nakagawa et In this context, we should consider the possibility that the cadherin homophilic interactions without the intrathe putative cadherin-mediated signals are generated cellular domain-dependent signaling system are sufficient to assist formation of synaptic membrane contacts at the presynaptic side, and this was primarily blocked docking of synaptic vesicles into the synaptic sites. The ␣N-catenin mutation was less effective in reducWe also should consider the possibility that the cadherin overexpression may have affected the ␤-catenin ing synapsin accumulation as well as FM4-64 uptake despite its clear effects on spine shape; however, the nuclear signaling through depletion of its cytoplasmic pool and that this is a mechanism to alter spine morpholpointed spine-axon contacts often seen in the mutant cultures had a reduced level of synapsin, and some ogy. This idea is unlikely because the full-length N-cad and cN390⌬ have the same ability to bind ␤-catenin yet, had lost it completely. Cadherin-cadherin homophilic interactions without ␣-catenin are presumably sufficient nevertheless, showed different effects. In addition, the ␣N-catenin mutation does not affect the interaction beto sustain other receptor/ligand interactions at synaptic clefts, such as those of neurexin and neuroligin, as distween cadherin and ␤-catenin (K.T. and M.T., unpublished data). cussed above.
Potential Roles of Cadherin/Catenins Cadherin-Dependent Presynaptic Organization
We showed that when cadherin was blocked in early in Synaptic Remodeling Morphological changes in spine and synaptic junctions cultures by use of the dominant-negative N-cadherin, synapsin distribution was greatly affected, with conare thought to be a mechanism to regulate synaptic plasticity. Our present results suggest that cadherin may comitant inhibition of FM4-64 uptake. This effect became less evident once the neurons had matured. These be a novel critical regulator of these processes. Previous studies showed that cadherin is required for the estabobservations suggest that cadherin is particularly impor- For mutation of the ␣N-catenin gene (␣N-cat), embryonic stem cells were transfected with the targeting construct (which is depicted in Figure 5 ) by a method already described (Swiatek and Gridley, 1993) . cDNA Transfection To transfect neurons with N-cadherin constructs, we replaced the Mutated ES cells were used for generating germline chimera, as described (Swiatek and Gridley, 1993) . After initial screening of the culture medium with NeuroBasal medium (Gibco) with B27 supplements and AP-5 (25 M). Then, adenoviral expression vectors recombinant ES cells and mutant mice by Southern blotting analysis, both embryonic and young animals were genotyped by PCR. To (MOI ϭ 10 to 25) for N-cadherin or cN390⌬ (Nakagawa and Takeichi, 1998) to which FLAG-tag or EGFP-tag had been attached to the detect the 113 base pair (bp) band indicative of the wild-type ␣N-cat allele, we employed primers corresponding to ␣N-5Ј (5Ј-CTTGTGA carboxy terminus or those for EGFP were added to the cultures, which were incubated for another 2 days. The transfected neurons CACAGGTGACAAC-3Ј) and ␣N-3Ј (5Ј-AGTAGCTTGTTCTACAGA TGC-3Ј). To detect the 400 bp band indicative of the mutant ␣N-cat were fixed and subjected to immunocytological analyses. Under these infection conditions, we could achieve a transfection rate allele, we used primers corresponding to the neomycin phospho- 
